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Abstract 
Thin films of CuIn3Se5 photoabsorber were deposited from the stoichiometric polycrystalline precursor onto glass/ITO substrates 
by using the high vacuum evaporation technique and following annealing in argon. The chalcopyrite structure of obtained films 
of CuIn3Se5 were confirmed by the XRD spectroscopy. The SEM micrographs, Raman spectra and EDS data confirm the 
enhanced morphology and composition of prepared CuIn3Se5 films. The obtained glass/ITO/CuIn3Se5/graphite sandwich 
structures demonstrate diode-shape I-V characteristics and photosensitivity. The annealed CuIn3Se5 films have a p-type of 
conductivity with the free carriers’ concentration in the range of 1016 – 1017 cm-3. An electrical equivalent circuit consisting of 
constant phase elements was used for modeling of the impedance spectroscopy measurements. Both impedance modeling and 
capacitance-voltage (C-V) curves show that there is a strong minority carrier accumulation process taking place at forward 
potentials. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
At present time, the Cu(InGa)Se (CIGS) and CuInSe2 (CISe) thin film solar cells have achieved 19% efficiency 
[1] and their production may be cost effective in comparison with Si based devices. In this family of Cu-In-Se 
compounds, the CuIn3Se5 is a promising photoabsorber for solar cell application due to band gap value about 1.3eV 
[6] that is close to the optimal value of 1.4eV and due to high photoconductivity over a broad wavelength range. In 
addition, this compound is less studied in comparison with CuInSe2. It has been pointed out that in the case of this 
type of photoabsorbers the polycristallinity is an exceptional advantage because of the unusual phenomenon of grain 
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boundaries (GB) that allow the charge separation there [2]. It has been found that In-rich ordered defect compound
(ODC) CuIn3Se5 precipitates on the surface of the solar cells based on CuInSe2 making it more efficient [3]. Persson
et al [2] attribute this enhancement to the charge-neutral defect pair 2V-Cu+In++Cu and to the corresponding
removal of Cu from the GB. At the same time many groups have investigated ODC with different composition [4-6]
for the better understanding of the phase control and improving the efficiency of absorber material. In this paper we
present the results of the investigations CuIn3Se5 photoabsorber films prepared by the high vacuum evaporation
(HVE) technique from the stoihiometric CuIn3Se5 polycrystalline precursor. This is the paper in line with our
previous papers [7-8] considering electrical properties of the CuIn3Se5 photoabsorber synthesized by the laser
ablation technique.
2. Experimental
The preparation of CuIn3Se5 stoichiometric polycrystalline precursor was described in our previous paper [8].
Such prepared CuIn3Se5 powder was evaporated onto glass and glass/ITO substrates using BOC-EDWARDS AUTO
500 HVE system. For deposition of the film with the thickness around 500nm, 0.7g of CuIn3Se5 polycrystalline
substrate  were evaporated from the tungsten boat in vacuum of 10-6 mBar onto the glass and glass/ITO substrates
fixed onto rotating stainless steel sample-holder heated till the temperature value of 150°C. As-deposited structures
were then annealed on the hot-plate in pure argon atmosphere at 450°C for 1 hour and at 500°C for 2 hours (Omni
Lab glove box, the oxygen and moisture content is less than 1 ppm). All the samples, before and after annealing
were studied by using the high resolution scanning electron microscopy (HR SEM) (Zeiss ULTRA 55 equipped with
EDS); X-ray diffraction (XRD) spectroscopy (Bruker AXS D5005 difractometer equipped with Cu KĮ radiation
source (Ȝ=0.154nm)) and Raman spectroscopy for identification of phases (Horiba's LabRam HR high-resolution
spectrometer). Electrical properties of the complete glass/ITO/CuIn3Se5/graphite structures were studied using
Autolab PGSTAT 30 potentiostat/galvanostat for obtaining current–voltage (I-V) and capacitance-voltage (C-V)
characteristics. For the preparation of graphite dot-contacts, adhesive aqueous suspension of graphite (Alfa Aesar)
was applied. Calibrated xenon lamp was used for the I-V measurements under white light illumination of 100
mW/cm2 intensity. All the electrical measurements were performed at the room temperature in Faraday cage.
3. Results and Discussions
The SEM micrographs of as-deposited and annealed structures are represented in the Fig. 1-3.
Fig. 1. Cross-sectional SEM micrograph of as-deposited glass/ITO/CuIn3Se5 structure.
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Fig. 2. Cross-sectional SEM micrograph of glass/ITO/CuIn3Se5 structure annealed at 450°C for 1 hour in argon
athmosphere.
Fig. 3. Cross-sectional SEM micrograph of glass/ITO/CuIn3Se5 structure annealed at 500°C for 2 hour in argon
athmosphere.
It should be noted that the composition of as-deposited films is not uniform in cross-section (Fig. 1). From the
micrograph there is seen that two layers with different morphology are present. According to the electron dispersive
spectroscopy (EDS) data, the first layer after ITO corresponds to CuIn4Se5 composition. The second layer has
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approximately a composition of Cu2In3Se5. The overall composition the both layers corresponds to the CuIn3Se5 i.e. 
to the stoichiometry of the source polycrystal.
After annealing at 450°C during 1 hour in argon atmosphere, the morphology of structures was changed
dramatically – the structures demonstrate practically uniform composition of CuIn3Se5 layers (Fig. 2). Although
there can be distinguished layers of crystals with slightly different morphology, their composition is very similar to
each other. Apparently thermal diffusion has averaged the initially different composition of layers and induced 
crystal growth.
In addition, annealing at 500°C for 2 hour in argon atmosphere (Fig. 3) gives the further increases of the size of
CuIn3Se5 crystals and improves the morphology of the photoabsorber layer from the point of view the homogeneity
of CuIn3Se5 polycrystals. The XRD spectrum of the as-deposited glass/CuIn3Se5 structure shows that even as-
deposited film includes already the chalcopyrite structure (with dominating in (112) plane) (Fig. 4).
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Fig. 4. XRD spectra of glass/CuIn3Se5 structures (as-deposited and annealed in argon at 450 and 500 °C).
For highlighting of the others peaks in the XRD spectrum, the values of intensity are plotted on a logarithmic scale.
As the result of the annealing process the dominating phase of CuIn3Se5 chalcopyrite structure is observed. The
spectrum of a structure annealed at 450°C for 1 hour shows almost at the same 2ș value a strong peak that
corresponds to the reflection from the plane (112) of CuIn3Se5. Other peaks can be distinguished corresponding to
CuIn3Se5 chalcopyrite phase. According to the database of ICDD PDF-4+2008 these peaks correspond to the planes
of (220), (312), (116), (224), (228), (424), (512), (336). Also weak peaks corresponding to traces of the InSe phase 
are present. These peaks correspond to the reflections from planes of (006), (101), (110) and (021). In the spectrum
of the structure annealed at 500°C for 2 hour the chalcopyrite peaks are stronger, proving that the phase composition
has become more crystalline and the crystals of the detected phases are grown bigger.
The Raman spectra (Fig. 5) show that different phases are present on the surface of the structure. The main peaks of
A1 mode at 153cm-1 and 174cm-1 correspond to the phase of CuIn3Se5 [9, 10]. Weak peak at 94cm-1 is caused by the
CuSe traces. Weak peaks at 115cm-1 and 227cm-1 correspond to InSe traces [11]. It should be noted that the etching
of annealed CuIn3Se5 film in 5% KCN solution during 1 min. decreases an intensity of 94cm-1 peak and therefore
confirms the reducing of presence of CuSe phase at the surface of photoabsorber film.
Annealed glass/ITO/CuIn3Se5 semi-structures were used to prepare complete diode structures for the impedance
measurements. The I-V curves for the structures with graphite adhesive contacts are represented in the Fig. 6.
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Fig. 5. Raman spectra of glass/CuIn3Se5 structures (as-deposited, annealed in argon at 450 °C; 500 °C; annealed at
450 °C and etched in 5% KCN solution).
Fig. 6. I-V curves of the glass/ITO/CuIn3Se5 structures annealed at 450 and 500 °C with following deposition of the
graphite dot-contacts.
Both structures had a diode–like shape of I-V curves in the range of applied potential +/-1 V. The structure annealed
at 500°C for 2 hour had higher open circuit voltage (Voc) value (270mV under 100mW/cm2 white light irradiation).
It should be noted that prepared structures are not considered as complete solar cells but only as the structures 
appropriate for the characterization of deposited CuIn3Se5 photo absorber layers by using the impedance technique.
The results of the measurements of the impedance are represented in Fig. 7 and Fig. 8.
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Fig. 7. Modulus of the impedance vs. frequency dependencies of the glass/ITO/CuIn3Se5 structures annealed at 
450°C for 1 hour with following deposition of the graphite dot-contacts, measured at different applied potentials
(reverse biases marked with transparent margins, forward with filled). Structures annealed at 500°C had similar
results of analysis and these are not reported here.
Fig. 8. The phase of the impedance vs. frequency dependencies of the glass/ITO/CuIn3Se5 structures annealed at
450°C for 1 hour with following deposition of the graphite dot-contacts, measured at different applied potentials
(reverse biases marked with transparent margins, forward with filled).
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In the Fig. 7 there is seen that the highest low frequency resistance is measured at -0.1V. This maximum value
decreases rapidly if the forward bias is applied. This is a usual behaviour of the junction barrier if the forward
potential is applied and the width of the depletion region is decreasing. On the other hand, the decrease of the low
frequency resistance in the case of reverse bias is much less. This decrease indicates the existence of a shunt
resistance in the barrier. A single plateau of modulus at low frequency indicates that there is one main barrier in the
structure. This barrier acts mainly as a (resistance and capacitance) RC parallel network. The deviation from the
pure RC behaviour manifests themselves at reverse biases. There can be observed, as a minor effect, that at low 
frequencies, the modulus slowly decreases if the frequency decreases.
The phase of the impedance vs. frequency plot (Fig. 8) reveals that there are two maxima in these curves. The
maximum appearing at lower frequencies is most pronounced at -0.1V. At forward potentials this maximum
vanishes entirely. This may point that there are two barriers in series and in the same bias direction in the structure. 
A minor effect is there that at reverse potentials and at low frequencies the sign of the phase changes. This is 
probably a real effect and is not caused by any problem of the wiring. This was concluded after using special
calibration procedures with reference measurements that are necessary for ruling out wiring effects what may affect 
the results of the measurement. Also the influence of some outer field is not probable because these measurements
were conducted inside the grounded Faraday cage as well outside without any change in results.
The modelling of the results of the impedance measurements was made by using the circuit depicted on the Fig. 9
which turned out to be the best circuit for this task. This circuit was able to model impedance spectra in the
frequency range of 10Hz to 1 MHz at different applied biases in the range of ±1V. The modelling error was
calculated at every experimental frequency as a comparison of the experimental value and the result of the
modelling. The maximum error was less than 3%.
CPELs
CPECp CPECs
CPERp CPERs
Fig. 9. Equivalent circuit used for the modelling of the impedance data of glass/ITO/CuIn3Se5 structure annealed at 
450°C for 1 hour with following deposition of the graphite dot-contacts. Where CPECp, CPERp, CPECs, CPERs 
and CPELs are constant phase elements with different values of exponential factor n.
As a modelling tool, a self-made fitting program in Labview software was used. The algorithm used for fitting was a 
Monte Carlo method. The objective function of this particular fitting procedure was the minimization of the 
cumulative deviation error percentage between the modelling result and the experimental data.
First the equivalent circuit similar to the circuit reported here in Fig. 9 was used. Here all elements were chosen as 
resistors, capacitors and inductors. The modelling result was poor with about 10% mean error at all applied
frequencies. Then these resistors, capacitors and inductors were replaced by constant phase elements (CPE). 
The impedance of the CPE element is given by the formula:
Where j is the imaginary unit, Ȧ is the angular frequency of the alternating signal, n is a dimensionless parameter
and Q is a positive parameter which dimension depends on the value of n. In general the Q has a dimension of
C/(V·s(1-n)). The parameter of n can have values in the range of ±1.
CPE is frequently found in the impedance behaviour of different electrochemical systems. The concept of CPE is
highly discussed and it is possibly one of the most intriguing theoretical problems in impedance spectroscopy today
[16].
We use modelling with CPE-s here for a qualitative interpretation of the impedance data. No quantitative physical
models are applied here because CPE-s only with n values of 1, 0 and -1 can provide useful dimensions for physical
modelling and only then the parameter of Q can be used without any further considerations and interpretation. We
must simply state that CPE behaviour found here was an experimental fact that was the best option for a formal
mathematical description of our system.
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The results obtained are reported in Figs 10-12. If n of the CPE is close to 1, it is referred here as a capacitor-like 
CPE (CPE-R). Similarly, if the n of the CPE is close to 0, it is referred here as a resistor-like CPE (CPE-C). If n of 
the CPE is close to -1 or -0.5, it is referred here as an inductor-like CPE (CPE-L).
Fig. 10. Dependence of the 1/Q of the CPE-Rp and CPE-Rs vs total bias applied on structure of glass/ITO/CuIn3Se5
annealed at 450°C for 1 hour with following deposition of the graphite dot-contacts. 1/Q is the parameter of CPE 
element with the dimension of V·s(1-n)/C.
In Fig. 10 there are reported the results for the values of 1/Q of CPE-Rp and CPE-Rs. There must be noted that the 
bias dependence refers to the total bias and not to the partial bias applied to the element under discussion. The true
distribution of the bias between the three blocks of the circuit (Fig. 9), namely CPE-Rp parallel CPE-Cp, CPE-Rs
parallel CPE-Cs and CPE-Ls there is not known. Also there must be stressed that the dimension of these values are
every time different and do not have a dimension of Ohm (V·s/C).
Fig. 11. Dependence of the Q of the CPE-Cp and CPE-Cs on total bias applied on structure of glass/ITO/CuIn3Se5
annealed at 450°C for 1 hour with following deposition of the graphite dot-contacts.
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General comments for the Fig. 11 are similar as those to the Fig. 10 earlier. 
Fig. 12. Dependence of the n of the CPE-s on total bias applied on structure of glass/ITO/CuIn3Se5 structures
annealed at 450°C for 1 hour with following deposition of the graphite dot-contacts.
For the reference of the dimensions of values reported in Fig. 10 and Fig. 11, the Fig. 12 gives an account how does
the exponential parameter n of CPE change with total bias applied to the structure.
The conceptual situation reported in Fig. 10 and Fig. 11, is very special and simple conclusions about the shape of 
the curves are therefore highly speculative.
The soundest conclusions can be made of the CPE-Rp and CPE-Rs at bias values higher than zero volts. From the
Fig. 12, there is seen that n values corresponding to the CPE-Rp and CPE-Rs at these potentials, are effectively zero 
(n§4·10-3). This means that Q values of that CPE-s have effectively the dimension of Siemens.
Based on this, there can be concluded, that the behaviour of the 1/Q value of the CPE-Rp describes the situation then
an energetic barrier is forwardly biased and the resistance of this barrier is quickly decreasing. The conclusion made
on the basis of the behaviour of the 1/Q value of the CPE-Rs is more speculative. This may be evidence that a
minority charge carriers injection into the base area of the structure takes place and the resistivity is decreasing there 
because of an increase of free charge carriers’ concentration.
The behaviour of the capacitance like CPE-s is reported in Fig. 11. From the Fig. 12 there is reported that at forward 
biases the value of n of the CPE-Cs is almost 0.5. This means that the Q value of CPE-Cs has effectively a dimension
of Warburg semi-infinite linear diffusion resistance [17]. The increase of these values is about three orders of
magnitude. Such profound increase is usually characteristic to the minority carriers accumulation process there a 
diffusion capacitance or a chemical capacitance appears in the base of the structure [18]. Again this must be 
stressed, that this value does not have a dimension of capacitance. On the other hand the value of the Q of the CPE-
Cp decreases at forward potentials. If the part of the circuit consisting of CPE-Rp parallel CPE-Cp is a manifestation
of the depletion layer, this decrease may be another indication of the minority carriers’ accumulation also in the 
barrier region of the structure [19].
The analysis of the reverse side of the bias is even more unclear because only the value of n of the CPE-Rs can be 
considered effectively zero (n§-1·10-2). The value of Q of CPE-Rs increases at most reverse biases. The magnitude
of this value is also in the range of 1·104, that is not a usual value for base resistance in such structures (usually
about 100 Ohm). This may be interpreted as weak barrier behaviour at the contact between graphite and CuIn3Se5
layers. This must be remembered that the bias attributed to the CPE-Rs element is not the true bias, but the total bias
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applied to the entire structure. This means that the shape of this and also other curves is distorted in respect of the
bias axis. In case of CPE-Cs and CPE-Rs this is expected to be the most prominent. The behaviour of CPE-Rp and
CPE-Cp at reverse biases is possibly a manifestation of the depletion layer. The decrease of the 1/Q value of the
CPE-Rp at reverse biases is possibly due to the decreasing shunt-resistance of the barrier. CPE-Cs values at reverse
biases possibly reflect the geometrical capacitance of the base region because the Q values of CPE-Cs are greater
than Q values of CPE-Cp by one order of magnitude.
The interpretation of the behaviour of the CPE-Ls is the most speculative task. We only give a comment here that
the influence of this element in the circuit (Fig. 9) on the impedance phase is remarkable only at frequencies higher
than 200 kHz. This was concluded from the influence analysis of the circuit elements (not reported here).
An interesting observation is that the values of n of CPE-Rp and CPE-Rs change the sign at zero applied voltage. At
all reverse biases the values of n are negative, at forward potentials n becomes positive. As the direction of the
externally applied electrical field changes there the direction, this may be the cause.
Capacitance data, when the impedance is represented as a parallel capacitance and parallel resistance, is reported in
Fig. 13. The contact area of the structure is 2mm2. High frequency values of the real part of the impedance were
used as estimation for the serial resistance in these calculations.
Fig. 13. Parallel differential capacitance vs. frequency dependencies of the glass/ITO/CuIn3Se5/graphite structures
annealed at 450°C for 1 hour, measured at different applied potentials (reverse biases marked with transparent
margins, forward with crosses and filled margins).
The capacitance decay with increasing frequency is characteristic to the broad distribution of deep levels possibly in
midgap [20]. An exception to this behaviour here are seen at most high reverse biases. Here at low frequencies (less
than about 1kHz), the capacitance changes the sign. This is possibly due to inductive properties of the structure as
pointed out before. This phenomenon is also reflected in the negative value of the n of the CPE-Rp and CPE-Rs at 
reverse potentials (see Fig. 12). At forward potentials and already at high frequencies the capacitance starts to 
increase very rapidly. This is a characteristic behaviour of the diffusion capacitance. This phenomenon was also
found in the results of the modelling of the impedance (see Fig. 11).
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The estimation of the barrier height and the shallow level defect concentration was made by linearization of the
Mott-Schottky curves according to the formula of the simple depletion capacitance formula of the Schottky barrier
[15]
Here A is the contact area, Qsc is the charge of the space charge of the depletion layer, V is the voltage drop in
depletion layer, q is an elementary charge, İs is the dielectric constant, NA is the acceptor density and Vbi is the built-
in potential.
Fig. 14. Mott-Schottky curves of the glass/ITO/CuIn3Se5 annealed at 450°C for 1 hour.
From the Fig. 14 this is evident that estimated values of barrier height and the concentration is dependent on the
measurement frequency. Most obviously there is a linear region at reverse potentials around 10kHz frequency. An
estimation (solid line in Fig. 14) of the built-in potential there gives a value of 780mV. The estimation for the
shallow defects concentration gives a value of 3.6·1016cm-3. An estimation of built-in potential at 6kHz and 16kHz
gives values of 600mV and 1V respectively. It is expected that at high frequencies the deep lewel freez-out occures
and higher frequencies than 10kHz would be more appropriate for the estimation of the concentration. On the other
hand the frequency of 10kHz turns out to be most suitable for applying the Mott-Schottky linearization as reported
in Fig. 14.
As the Mott-Schottky plots are not linear at higher frequencies, the carrier concentration profiles are calculated 
according to the well known equation of the abrupt edge approximation [12] in the form of
Here N is the effective concentration of free charge carriers, V is the applied potential, Cd is the differential
capacitance of the depletion layer per unit area, q is the elementary charge and İ0 is the dielectric constant of 
vacuum, İs is the dielectric constant of the material (İs=13.6 was used [21]). The
The depletion width is calculated according to the formula of
The calculations of the shallow level defect concentrations profiles (Fig. 15) were made at same measurement
frequencies as reported on the Mott-Schottky plot (Fig. 14).
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Fig. 15. Free charge carriers profiles for the glass/ITO/CuIn3Se5 annealed at 450°C for 1 hour, calculated at different
measurement frequencies.
Results show that measurements at different frequencies affect the coordinate calculations in great extent. This 
means that these profiles can be used only for estimating a kind of mean concentration. Integration of these curves
over the coordinate reveals somewhat surprising fact that the mean concentration increases monotonously as the
measurement frequency increases. So the average concentration calculated at 1kHz is 2.8·1016cm-3 whereas the
concentration calculated at 1MHz is 6.0·1016cm-3.
4. Conclusions
Our results show that polycrystalline films of p-type CuIn3Se5 photoabsorber can be prepared by HVE technique
from the stoichiometric precursor with following annealing in argon at 450 and 500°C. The SEM micrographs show
that annealing causes diffusion segregation of initially inhomogeneous phases and a formation of polycrystalline
uniform CuIn3Se5 structure. The EDS measurements confirm that obtained films are CuIn3Se5 stoichiometrically.
Also XRD and Raman spectroscopy measurements confirm that the annealed films are polycrystalline chalcopyrite
CuIn3Se5 with possible traces of the copper and indium selenides. It was found that the graphite adhesive suspension
gives ohmic contacts to the surface of CuIn3Se5 layers in glass/ITO/CuIn3Se5 structures with the Schottky barrier
between the CuIn3Se5 and ITO layers. Structures with graphite contacts give also a Voc value around 270mV under
white light illumination of 100mW/cm2.
The appropriate equivalent circuit was proposed for the modelling of the impedance spectra. Elements of this circuit
are so-called CPE elements, which clear physical meaning is yet a special theoretical issue which does not have an 
accurate solution in present time. Both the impedance modelling and the C-f measurements show that there is a
minority carrier accumulation process taking place at forward biases of 0.3V and greater. The profiles and average
values of concentration of free charge carriers in prepared CuIn3Se5 photoabsorber films were found to be in the
range of 1016 – 1017cm-3. This concentration range is appropriate for the solar cells application of prepared CuIn3Se5.
Also the values of built-in potentials were found on the basis of the Mott-Schottky plots.
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